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R. A O N O a n d O T H E R S
once with the SMMD medium of Wyrick & Rogers (1972) . The neutral SMMD medium contained 0.5 M sucrose, 20 mM MgCl,, 20 mM maleic acid and 0.05 7'0 DNase I. This medium was adjusted to pH 7.0 with NaOH. The cells were resuspended in SMMD to an OD660 of 15-20. Then 0.01 vols 1 7'0 (w/v) lysozyme solution was added to the suspension. This mixture was spread thinly in a vessel to allow a good supply of air for the organism, and allowed to stand at 37 "C to permit digestion of the peptidoglycan layers. Protoplast formation was monitored by microscopic observation. Protoplasts were recovered by centrifugation (lOOOg, 30 min, 10 "C) and washed twice with SMMD medium. The protoplasts were counted with a Thoma's haematocytometer. The number of cells with intact cell walls was determined by counting colonies formed on the hypotonic alkaline medium.
Fusion of the protoplasts and selection of fusants. Fusion of protoplasts prepared from cells in exponential phase (OD,,, 0.5) was attempted using four slightly modified methods described below.
(i) Method 1. Protoplasts prepared from C-125-073 and C-125-90 were separately resuspended in SMMD medium at a concentration of 2 x lo9+ x lo9 cells ml-'. These suspensions were used throughout in Methods 1 4 . Samples (0.5 ml) OF the suspensions were mixed and centrifuged (1000 g, 10 min, 4 "C) and the pellet was resuspended in 0.1 ml SMMD medium. SMMD (0.9 ml) containing 40 % (w/v) polyethylene glycol 4000 was added to this suspension. The mixture was incubated in an ice-water bath for 1 min and plated on hypertonic regeneration medium containing nalidixic acid (0.03 mg nil-') and streptomycin (3 mg ml-'). Cells resistant to both nalidixic acid and streptomycin were grown at 37 OC. This method was used as a standard method in this study.
(ii) Method 2. The protoplast suspensions (0.5 ml) were separately centrifuged as described above. Each pellet was resuspended in 0.05 ml SMMD medium and the suspensions were mixed. After addition of SMMD-polyethylene glycol (0.9 rnl), the mixture was incubated in an ice-water bath for 1 min, and plated on regeneration medium. This method does not comprise co-centrifugation of the two parental protoplasts.
(iii) Method 3. The protoplast suspensions (0.5 ml) were mixed and the mixture was centrifuged as described above. The pellet was resuspended in 1 ml SMMD without polyethylene glycol. The suspension was incubated in an ice-water bath for 1 niin and plated on the regeneration medium. In this method, the protoplasts were not treated with polyethylene glycol.
(iv) Method 4. The mixture described in Method 3 was incubated in an ice-water bath without centrifugation, and plated on the regeneration medium. In this method, the two parental protoplasts were simply mixed.
Electron microscopy. Whole cells growing in the culture were fixed with glutaraldehyde by mixing with equal volumes of 8 'YO (v/v) glutaraldehyde. Protoplasts suspended in SMMD were fixed by mixing the suspension with 8 % glutaraldehyde n SMMD. Mixtures were incubated at room temperature for 1-2 h and then at 4 "C overnight. Samples were sedimented tly centrifugation (lOOOg, 15 min, 20 "C), and resuspended in either 0.1 M sodium cacodylate buffer (pH 7.2) containing 4% (v/v) glutaraldehyde (whole cells) or in the same buffer containing, glutaraldehyde and 0.5 M sucrose (protoplasts) for several days. The fixed samples were washed with 0.1 A4 potassium phosphate buffer (pH 7-2), post-fixed with OsO, a t 4 OC, dehydrated and embedded in epoxy resin. Sections stained with uranyl acetate and costained with lead citrate were observed in a Philips 201C T electron microscope.
DNA determination. The bacterial cells were harvested by centrifugation (SOOOg, 10 min, 4 "C), washed twice with 0.1 M potassium phosphate buffer (pH 7.0) and broken by sonication. DNA was determined by the indole-HC1 method (Ceriotti, 1955) with dAMP as the standard.
Protein determination. The concentration of proteins in the sonicated lysates described above was determined by the Lowry method, with BSA as a reference standard.
Materials. Polyethylene glycol 4000 was from Nakarai Tesque. Hen egg white lysozyme and DNase I were from Sigma.
RESULTS AND DISCUSSION

Fusion of protoplasts from the facultative alkaliphilic strain of Bacillus sp. C-125
The Al, type of peptidoglycan in the cell walls of strain C-125 is readily digested with hen egg white lysozyme to yield protoplasts that are stable at neutral but not at alkaline pH (Aono & Horikoshi, 1983; Aono et al., 1984 Aono et al., , 1992 Aono et al., ,1993 . In this study, the process of cell wall digestion was monitored by electron microscopy. The rod-shaped cells of C-125 (Fig. la) have a defined nuclear area similar in appearance to that in B a c i l h alcaluphiltas (Krulwich, 1982) . After 10 min, cell walls were partially digested, but the cells retained their rod shape (Fig. lb) . After 50 min, all cells were spherical, and had cytoplasmic membrane but no cell wall (Fig. lc) . These observations indicated that the rigid layer of the cell walls of the organism was lysozyme-sensitive peptidoglycan, as suggested by previous chemical analyses of cell walls (Aono & Horikoshi, 1983; Aono e t al., 1984) . Fusion among these protoplasts was found at a low frequency (Fig. Id) . Although fused protoplasts were rarely found, this finding prompted a trial to establish a genetic recombination system for this organism through cell fusion.
The conditions for effective regeneration of protoplasts from strain C-125 have recently been established (Aono et al., 1993) . The results of protoplast regeneration obtained during these studies are given in Table 1 . Colony counts indicated that a high proportion (43-97%) of the protoplasts prepared from strain C-125-073 (Nal'), C-125-90 (Str') and the fusion mixtures regenerated cell walls when grown on the neutral hypertonic medium. However, these protoplasts regenerated very poorly on the alkaline hypotonic medium on which intact cells of the strain grew well. The frequency of colonies formed on alkaline medium was less than 3 x lo-'. These results indicated that the protoplast suspensions contained few intact cells.
Fusants resistant to both nalidixic acid and streptomycin were identified by growth on neutral hypertonic medium containing the two antibiotics. Nal' Strr clones appeared with a frequency of about 2 x of the mixed protoplasts treated by Method 1 or 2, whereas protoplasts derived from either of the parent strains failed to regenerate on this medium. It is concluded that the resistant cells resulted from fusion of Nal' protoplasts with Str' ones rather than from spontaneous mutation of On: Thu, 03 Jan 2019 00:14:33
Cell-fusion of alkaliphilic Bacillzu sp. C-125 C-125-073 to Strr or of C-125-90 to Nalr. Also, mixtures treated without the addition of polyethylene glycol yielded no Nalr Strr clones. These results indicated that the addition of polyethylene glycol greatly enhanced the effective fusion of the protoplasts prepared from this organism.
Genome ploidy of the Nal' S t f fusants
Five Nalr Strr fusants (C-125-F1 to -F5) were randomly selected from the experiment shown in Table 1 . They were purified by two consecutive rounds of streaking for single colony selection carried out on neutral hypotonic agar containing streptomycin and nalidixic acid, because the drugs were unstable at alkaline pH. These exfusants were grown in hypotonic broth (pH 8.5). Under these conditions, all strains grew as predominantly isolated cells with few short chains during the exponential phase. Doubling times measured by the increase in OD660 were about 70 min, except for the parent strain, C-125-90, which had a doubling time of 100 min. This strain grows slowly at p H 8.5 compared with the other parent strain, C-125-073, because it is an alkali-sensitive mutant (Aono & Ohtani, 1990 ). 2.8 x 109 (0.97) < 10 (< 3 x 10-9) < 10 (< 3 < 10 ( < 3 x lo-') 3.7 x 10' 1.6 x 10' (0.43) < 10 ( < 3 x lo-') < 10 ( < 3 x lo-') 3-3 x lo9 2.4 x lo9 (0.73) < 10 (< 3 x lo-') ND, Not determined.
* Counted by microscopy using a Thoma's haematocytometer.
t Colony numbers per ml of suspension spread on each plate, Colonies were counted every day for 5 d of incubation. Ratios of colonies to protoplasts incubated on the plates are given in parentheses. The ratios in mixtures have been calculated using the protoplast number measured in mixture 4. $ Neutral regeneration medium contained nalidixic acid (0.03 mg m1-I) and streptomycin (3 mg ml-l). § Mixtures 1-4 are described in Methods. j-To one of the cell suspensions, an equal volume of twofold strength neutral SMMD medium was added. Protoplasts were prepared and counted, as described in Methods. The protoplast number is presented as cell number per OD66o unit per ml of culture volume at the time of harvest. The ratio of cell number of each strain to that of C-125-073 is shown in parentheses. $ The other cell suspension was sonicated. Mean values crf DNA and protein content ( ~S E M ) were calculated from two determinations in the sonicated lysate.
s Values for DNA and protein content ($) were divided by the cell number (t).
Cells in the late exponential phase (ODGco 1-3-1.6) were examined for cell size, and their DNA and protein content (Table 2 ). These cultures contained cells at different stages of growth and it was difficult to determine cell length accurately. In such a case, cell size might not be a good criterion for ploidy of the exfusants. Instead of cell Cell-fusion o f alkaliphilic Bacillzls sp. C-125 dimensions, we compared optical density and cell number of the cultures. Cell numbers were determined microscopically after conversion of isolated cells or chains of cells into protoplasts (Fig. 1) DNA determination was based on the cell deoxyribose content (Ceriotti, 1955) . The results allowed us to calculate the amount of deoxyribose present in single cells. The DNA content per cell (3.62-397 x g) corresponds to 1.15-1.26 x lo-'' mol or 6.96-7-63 x 10, molecules of deoxyribose. If all of the sugar determined in this experiment is derived from a double strand of DNA, the size of this DNA would be 3.5-3-8 Mb. These values are similar to those of haploid chromosomes found in eubacteria.
These results suggest that the genome ploidy of the exfusants is identical to that of the parental strains, as previously shown for Bacillzcs mbtilis exfusants which were haploid like their parents (Hauser & Karamata, 1992) .
Genetic recombination during protoplast fusion
In this study, each parental strain possessed antibiotic resistance and an auxotrophic marker. Only the antibiotic resistance markers were used for selection during growth on the regeneration medium. From the Nal' and Str' fusants, 62 strains were randomly selected and examined for methionine or threonine requirement by growth on alkaline synthetic medium ( Table 3 ). All combinations of the auxotrophic markers were found in the fusants, with the Met-Thr-class being the least frequent. Of the recombinants, 71 YO were Met' and 81 % were Thr+. Nal' Strr Met' Thr-and Nalr Str' Met-Thr' clones appeared with much lower frequency than Nalr Str' Met' Thr'. However, the occurrence of these phenotypes indicates that recombination between the auxotrophic markers did take place in the fused protoplasts. We have no information on the physical distance between nal, str, met and tbr genes on the chromosome of this organism. Therefore, further discussion about the recombination rates found in the exfusants would be without meaning. However, it can be concluded that protoplast fusion led to pooling of the different parental chromosomes and allowed recombination in the alkaliphilic Bacillzis sp. C-125.
Cell fusion using protoplasts has been established in several species of Bacillm (Schaeffer e t a/., 1976 ; Chang & Cohen, 1979; Bourne & Dancer, 1986) . The results described here show for the first time that protoplast fusion leads to recombinant alkaliphilic bacilli. It appears that cell fusion via protoplasts may provide a convenient method for genetic manipulation in alkaliphilic bacteria, which is essential for genetic studies and useful for industrial purposes.
